Abstract In this article the recent experimental works on cold atoms carried out at Wuhan Institute of Physics and Mathematics (WIPM) are reported. These include the experimental realization of Bose-Einstein condensation (BEC), different type of cold atom interferometers, and bichromatic electromagnetically-induced transparency (EIT). We have realized BoseEinstein condensates of 87 Rb dilute atomic gases. The apparatus consists of two horizontally mounted magneto-optic-traps (MOTs) and a QUIC magnetic trap. Nearly 3×10 8 atoms were trapped in the second MOT, and up to 1.2×10 8 atoms were adiabatically transferred to the QUIC trap. A pure condensate with about 1.1×10 5 atoms at about 30nK was achieved. We also demonstrated two type of cold atom interferometers, the Sagnac and Ramsey interference fringes were recorded with contrast of up to 37%.
Introduction
Cold atom physics and quantum information are two closely related fields that play important roles in recent interests in quantum computing, atomic frequency standards, high precision measurement, and understanding physics of degenerate Fermi gas.
For many years, we have carried out the study of laser cooling and trapping of neutral atoms, ion traps, quantum computation with nuclear magnetic resonance (NMR) of liquid molecules (see Fig.1 for the illustration). Our goal is to manipulate single particles (atoms, ions, or spins) for quantum computing.
Reported in this article are representative experimental progresses of the three aspects of coherence and interference studied in our group using laser cooled and trapped atoms. These include the realization of Bose-Einstein condensation (BEC) of Rb atoms, demonstration of cold atom interferometers, and bichromatic electromagnetically induced transparency (EIT) in cold atoms. Fig. 2 Schematic of the BEC apparatus. Two 6-way conflat crosses were used to assemble the two MOT chamber in horizontal direction. An all metal valve (downside of the right 6-way cross) was used to control the vapor pressure of Rubidium. A sublimation pump (downside of the left 6-way cross) was used to raise the vacuum of the BEC chamber (low pressure MOT chamber). The whole vacuum system was built on top of two ion pumps. Two decahedron quartz cells were used, and the coils used to generate the fixed quadrupole and QUIC trap fields respectively are all located outside the chambers.
The copper tube presented a very small conductance for rubidium, so that robust differential pumping of the two chambers was maintained. The two connected 6-way crosses were mounted on top of two ion pumps (ULVAC GST-03L) that had the same speed of 30 L/s. A titanium sublimation pump was connected to one sidearm of the 6-way cross on the left part, aiming to improve the vacuum level of the UHV MOT chamber. The 6-way cross on the right part was connected with an all metal valves on top of it that facilitated rough pumping to pressure below 10 -7 Torr before the ion pump and sublimation pump could be activated. Rb BEC. The work of cooling and trapping of rubidium was due to the so called 'trapping laser', which was frequency controlled by a double-pass acoustic-optical modulator (AOM) configuration. Trapping laser with controllable red detuning of 15 to 50 MHz from the resonance transition 87 Rb, 5S 1/2 , F=2→5P 3/2 , F=3 was essential for the implementation of the laser cooling. An additional diode laser was used as the so called 'repumping laser', that was tuned to 87 Rb, 5S 1/2 , F=1→5P 3/2 , F=2 transition using the saturation spectroscopy technique. The total 600 mW laser power produced by the Ti:sapphire laser was divided into three parts. Three sets of double-pass AOM configurations were used to control the frequencies of these laser beams respectively, and this gave the convenience for separately controlling the trapping laser beams of the double MOT, as well as the push beam, optical pumping beam and probe beam.
Fibers were used to transport the two trapping laser beams to reach the optics surrounding the two MOTs. Trapping laser beams of each MOT overlapped with the corresponding repumping laser beams, that was the general configuration of the MOT beams. The double MOTs had the same MOT laser-beam geometry, which consisted of three pairs of mutually counter-propagating beams. One of the beam axes was oriented along the vertical z axis and the other two beam axes were oriented along the diagonals in the x-y plane. All laser beams, except for the repumping beams, were derived from the Ti:sapphire laser that was stabilized using polarization spectra signal [16] , and with a frequency stability of better than 2 MHz. The MOT beams were expanded to a diameter of 23 mm for the HP MOT and the UHV MOT, respectively.
The atoms were first laser cooled and accumulated in the HP MOT, then a pushing beam gave the atoms an initial momentum and the atoms flew down the copper tube to the UHV MOT. The push laser beam was aligned to pass through the center of the HP MOT along the copper tube, and about 3 mm above the center of the UHV MOT. In fact, the push beam may disturb the UHV MOT, leading to the decrease of atomic numbers. A lens with 100 cm focal length was used to focus the push beam that caused a smaller spread in atomic transverse velocity, and the interaction between the UHV MOT and the push beam was strongly reduced. In order to further reduce this interaction and load more atoms into UHV MOT, pulsed push light (I push =36mW/cm 2 , Δ = 0 MHz) was used. The present transfer sequence for a maximum number of atoms in UHV MOT was: (i) Turn the HP MOT beams on, and (1) where N is the number of atoms accumulated in the HP MOT, N s is the steady-state atom number in the same MOT, and τ is the 1/e time of the accumulation rate in the MOT. When the accumulation time t=τ, the rate that atoms accumulated in the HP MOT decreased to 1/e of N s /τ. This implies that only continuous push beam can produce a maximum flux from the HP MOT. But the long interaction time between the HP MOT and the push beam prevented the UHV MOT from reaching its maximum. Thus the total intensity (I trap ) of the UHV MOT trapping laser must be much higher than that of the push beam. Our first BEC was realized by using continuous atomic beam with I trap >20 I push . And now, pulsed atom beam was used in our working BEC apparatus for the sake of (i) reducing the requirement of high power; (ii) more atoms needed to be loaded into the UHV MOT, and consequently, more atoms transferred to the QUIC trap. Rb atoms in UHV MOT can be fitted by an exponential function. When continuous atomic beam was used, the maximum atom number in UHV MOT could reach to 3×10 8 , the fill time constant was 4.2s. When pulsed atomic beam was used, the maximum atom number in UHV MOT was increased to 5×10 8 , and longer fill time constant, 15.1s, was needed. Fig.4 shows the loading curve of the UHV MOT under different loading conditions. In the loading experiment using continuous atom beam on the double MOT, trap beams with a diameter of 1.6 cm were used for the UHV MOT, and no fiber was used to filter the trap laser beam, that raised the total laser intensity by a factor of 3.8. The total loading time usually was 30s when using the continuous atomic beam. But this caused many difficulties in the operation of the system. After the CMOT process, the atom density in UHV MOT was increased several times as a rule, but the temperature still high. The polarization gradient cooling (PGC) was used to further cool the atoms beyond the Doppler limit [18] . For the sensitivity to magnetic field, an effective PGC process requires the residual field to be less than 100 mG [19] . For this reason the MOT quadrupole magnetic field must be shut off, and three orthogonal pairs of rectangular Helmholtz coils, that centered around the UHV MOT cell, were used to cancel the ambient magnetic field to be less than 50 mG. PGC was carried out right after the CMOT process: (i) Shut off the current to the UHV MOT quadrupole coils.
(ii) Further detune cooling laser from -24 MHz to -58 MHz and maintain 4 ms. Temperature of atom cloud could be reduced to less than 70 μK after PGC.
Optical pumping is a process whereby one increases the number of magnetically trappable atoms. For magnetic trapping of rubidium atoms, we need to enhance the population of weak field seeking 87 Rb |F=2, m F =2> states. Right after PGC process, trapping laser beam was shut off by the AOM that was used to modulate the frequency and power of UHV MOT trapping beams. And additional mechanical shutter was used to block the residual trapping laser beam. A σ + circularly polarized laser beam was used to pump on the F=2 → F=3 resonance transition. A small referential magnetic field of 1.0 G was applied using the pair of coils that along direction of the pump laser beam's axis of propagation. The atoms were optically pumped for 1.0 ms with a collimated optical pumping laser beam of I = 0.08mW/cm 2 . The QUIC trap consists of two identical quadrupole coils with 202 windings which are also used to create UHV MOT's quadrupole magnetic field, and one Ioffe coil with 338 windings. Fig.5 is a schematic of the QUIC trap, and all dimensions were lined out in unit of mm. In the QUIC configuration the trap had a radial gradient of 190 G/cm and the axial curvature was 168 G/cm 2 , with a current of 21.5A running through all three coils. The bias field of 1.5 G resulted in trapping frequencies of 2π×198 Hz in the radial and 2π×16.5 Hz in the axial direction, for rubidium atoms in the 5S 1/2 |F = 2,m F = 2> state. After optical pumping the current in quadrupole coils was increased from 0 to 12 A, and an additional mechanical shutter was used to block the residual light from the fiber that carrying the pumping laser. Then the referential field was turned off, and atom cloud was compressed adiabatically by increasing current in the quadrupole coils from 12 to 21.5 A in 2s. Current in the Ioffe coil was subsequently increased from 0 to 21.5 A in 2.2s, such that the QUIC trap was formed. The minimum of the quadrupole trap and the QUIC trap were not the same, they had a distance of 10.6 mm along y axis. During the transferring process, atom cloud followed the initial shifting (with small deformation) of minimum of the trapping potential. Before the QUIC configuration was reached, the second minimum (of the second quadrupole potential) formed near the Ioffe coil in the -y direction, and atom cloud followed a large deformation and spilled out over into the second quadrupole magnetic well. As current in the Ioffe coil was further increased, minimums of the double well moved toward each other until they met and formed harmonic potential of the QUIC trap.
Up to 1.2×10 8 atoms were transferred into the QUIC trap with the temperature up to 870 μK. This gave the magnetically trapped atom cloud an initial mean elastic collision rate γ el = 15Hz. Number of the magnetically trapped atoms decays as N(t)=N(0)e -t/τ , where τ is the 1/e lifetime of the atom cloud in the QUIC trap. Atom number measured after a variable holding time in the QUIC trap gave the lifetime τ = 155s with the background pressure lower than 2×10 -11 Torr in the UHV MOT chamber. The condition for runaway evaporative cooling was fulfilled by γ el τ >>150.
The key technique named evaporative cooling was used at the finial cooling stage to increase the phase space density (PSD) of the atom cloud. The two-turn RF coil with a diameter of 46 mm was constructed from 1 mm copper wire. The RF coil was placed 37 mm away from the center of the QUIC trap, and oriented to radiate RF photons propagating along -x axis. Evaporative cooling of the atoms was performed sweeping RF frequency from 25MHz to around 1.5MHz over a period of 44s. Details of the sweeping trajectory consisted of four stages. In each of the four evaporation stages, the time-dependent RF frequency followed the form [ 
Each stage of evaporative cooling was optimized by observing increasing of the max optical density deduced from absorption imaging as the evaporation parameters ν start , ν stop , ν base and τ RF were varied. A Standford Research System (SRS) DS345 30MHz synthesized function generator was used to generate the RF signal, then amplified by a mini-circuits RF amplifier (TIA-1000-1R8-2). In our routinely evaporative cooling experiments, about 1 watt of RF power was used to realize BEC. The SRS DS345 was computer controlled using a GPIB card, such that arbitrary frequency of RF signal with a 30ms update interval was realized. Absorption imaging was used to probe cold atoms. Light passes through atomic cloud and results in reducing of intensity in its propagating direction. This is given by the Beer's law I and I are the intensities incident and emerging from the atom cloud respectively. In experiment, the optical pumping beam was also used as probe beam with a different light intensity of 0.16mW/cm 2 . A charge coupled device (CCD) was used to record intensity of the probe beam passing through the imaging system. Our imaging system was a 4f imaging system with a 70mm focus lens that gave a magnification of 1.
At the end of evaporative cooling, current running through the QUIC coils was shut off in less than 1 ms to release the cloud from the magnetic trap. After a time of ballistic expansion, a typically 100 μs σ + circularly polarized laser pulse, that tuned to the F=2→F=3 resonant transition of the D2 line, was used to shine on the cloud. Absorption of imaging light was imaged onto the CCD camera by the imaging system. We must take the other two images (one with imaging light only, one without imaging light and atoms), so that quantitative information about the atom cloud can be obtained. The three images were named by I atom (y,z), Ilight (y,z) , I dark (y,z). The average optical density (OD) over each pixel of CCD (with a resolution of 6.8μm × 6.8μm) of the atomic cloud was given by
light dark
The total number of atoms N was calculated by
where σ 0 is the resonant scattering cross-section for circularly polarized laser light. The procedure currently used to derive total atom number, temperature, and density of the atomic cloud from the absorption images was a MATLAB program. This program was designed to execute three different fitting routines depending on the degeneracy of the cloud. For clouds outclassing the condensation temperature, Gaussian fit was always used to fit the OD matrix. Clouds for a bimodal distribution were fitted with a combined function of a Gaussian distribution function and a Thomas-Fermi distribution function. For pure condensate, only Thomas-Fermi distribution function was used. Absorption imaging was used to imaging atomic cloud both in MOT and QUIC trap, and information about the atomic cloud was all deduced by the MATLAB program.
Transition from thermal cloud with atoms in normal phase to BEC phase was observed by absorption imaging. Fig.6 depicted onset of BEC. The total ramping time of RF frequency was fixed (in order to hold constant heating of the QUIC coils), column density distribution in atomic cloud varied with the truncation frequency. For truncation frequency above 1460 KHz, only a normal density distribution existed (Fig.6 left) . At 1460 KHz, bi-model distribution to the cloud appeared (Fig.6  middle) with total 4.5×10 5 atoms at a temperature of 233 nK. Further evaporative cooling resulted in a pure condensate containing 1.1×10 5 atoms. Transition from normal cloud to BEC gave the 300nK critical temperature that a condensate formed in our experiment. Multi-component caused by Majorana transitions was also found in Fig.6 . Long time of free expansion of the BEC was operated to observe the separated peaks. Evolution of axial to radial aspect ratios for the condensate was also studied.
The QUIC trap with three coils had a relative simple configuration, and its stability of magnetic trapping field facilitated evaporative cooling. A somewhat large decahedron quartz cells for the UHV MOT in our apparatus resulted in a large Ioffe coil and heating of the Ioffe coil could not be avoided, that gave the up-shifting of bias magnetic field of our QUIC trap. During the 44s evaporative cooling, bias magnetic field was up-shifted to 2.093G (derived from evaporative cooling), and the radial trapping frequency was reduced to about 2π×171Hz. Additional 6 minutes was needed to wait for the Ioffe coil to completely cool to room temperature. When the total evaporative cooling time was hold as a constant, the bias magnetic field could be repeated with very small long-term drifting. Quartz cells used for double-MOT that was assembled in horizontal direction gave the apparatus excellent optical access and a compact nature. Further experiments such as BEC in optical lattice [20] and interference of two BEC [21] can be operated with this apparatus.
Demonstration of a Sagnac-Type Cold Atom Interferometer
Since the first demonstration in 1991, atom interferometer [22] [23] [24] has proven the importance in testing foundations of quantum mechanics, manipulating the wave functions coherently and in metrology of time and frequency, and other applications as precise inertial sensors such as gyroscopes and accelerometers. With the development of laser cooling and trapping techniques, early atom interferometers that use thermal atomic beams [25] [26] desire to choose laser cooled atoms as the more ideal atom source which has the merit of lower velocity and temperature. Examples of cold atom interferometers include exact measurement of the Newtonian constant of gravitation G and absolutegravity-gradient [27] [28] [29] [30] , accurate measurement of photon recoil [31] , and precise determination of the fine-structure constant α [32] Bragg diffraction [33] . The experiment for a cold atom interferometer was initially to use the atom fountain, in which the atomic wave packets interfere along the gravity direction. The Sagnac-type atom interferometer used to sense rotation was achieved in a transversely launched cold atom cloud, which was reported only recently [34] . Sensitivity to rotation due to Sagnac effect can be enhanced greatly by using atoms instead of photons. We can understand this from the expression of phase shift caused by Sagnac effect
where Ω is the angular velocity of rotation, A is the area enclosed by interference loop, and V is the particle velocity which is much slower than the light speed in vacuum. λ dB denotes the de Broglie wavelength of a massive particle which is greatly shorter than light wavelength. To sense a rotation, atom beam is coherently manipulated by Raman lasers, and an enclosed area is formed by two indistinguishable paths. In this case, k-vector of the Raman lasers is perpendicular to atomic motion, and the two laser beams are chosen in co-propagating (Doppler insensitive) or counter-propagating (Doppler sensitive) configurations. In co-propagating configuration, atom acquires recoil kick of the photons by amount of ћ(k 1 -k 2 )= ћ(|k 1 |-|k 2 |), which is quite small as compared with ћ(k 1 -k 2 )= ћ(|k 1 |+ |k 2 |) in the counter-propagating case.
The Raman pulse sequence π/2-π-π/2 is normally used to shape an interference loop. The first π/2 pulse separates the atom into two paths, and puts atom into a superposition internal state simultaneously. The following π pulse reflects the atom, and the internal states are swapped. The last π/2 pulse recombines the atom wave packet. The relative phases ϕ(t 1 ), ϕ(t 2 ), and ϕ(t 3 ) of the three pairs of Raman pulses are related to the population in the following way
If one changes ϕ(t 3 ) while keeping ϕ(t 1 ) and ϕ(t 2 ) unchanged, the population will be changed with ϕ(t 3 ) in the form of a cosine function. The Sagnac phase shift for rotation can be accurately transferred to atom population in a certain atom state.
The schematic diagram of our experimental setup is shown in Fig.7 . Atoms were firstly cooled and about 10 8 atoms were trapped in the MOT [15] , the cold atom cloud was pushed transversely by a duration of 700 μs resonant light pulse [35] to the interference chamber at a speed of 24 m/s. Three pairs of counter-propagating trapping beams were (1,1,1) configuration. Each pair was σ + -σ -polarized with equal intensity. The trapping beam was split into six equal-intensity beams by combining halfwave plates (HWPs) and polarization-beam-splitters (PBSs). A single-mode polarization-maintenance optical fibre was used to transmit and to spatially filter all the laser beams from the optical desk to the vacuum chambers. The cold atomic flux spent around 30ms to fly across the Raman laser pairs and to the detection region. The theory of atom interferometer is based on a three-level system underlying the two-photon stimulated Raman transition [36] . As shown in Fig. 8 The large detuning Δ of the laser frequencies from the excited state |i> greatly inhibits the spontaneous decay, and the system can be treated effectively as a two-level system.
The Hamiltonian for the three-level system reads
The field in which atoms suffered can be described as a superposition of two individual laser fields,
The effective Rabi frequency eff Ω of coupling the two ground states is expressed as
where 1 
Ω and 2
Ω are the single-photon Rabi frequencies, respectively.
Two-photon Raman [37] [38] pulse drives Rabi oscillations between two hyperfine levels of the ground electronic state of Rb atoms. As illustrated in Fig. 7 , three Raman laser pairs work in a continuous way. The pulse area defined as π/2 or π is determined by changing the laser intensity for the given transit time of moving atom through the Raman beam. A Raman laser pair was generated by the ±1 order output from an acoustic-optical modulator (AOM, Brimrose GPF-1500-200-.780) with carry frequency of 1.5 GHz supplied by an analog signal generator (HP/Agilent E8257C PSG), which was externally referenced to a hydrogen atomic clock (Shanghai Astronomical Observatory SOHM-III). The main laser (TOPTICA TA100) was locked to the crossover peak of F=3→F′=2 and F=3→F′=4 (see Fig. 8 ). The Raman lasers R1 and R2 were phase-correlated with each other, and they also had a stable frequency difference of 3.0 GHz, which was exactly equal to the energy level separation of the two ground states of 85 Rb. Meanwhile R1 and R2 were commonly detuned about 1.5 GHz from the 5P 3/2 , F′=3 hyperfine level.
The two Raman beams were overlapped with orthogonal linear polarizations by a PBS cube and then coupled into the fibre. Because any change in the relative paths of the two Raman beams due to vibrations of the beam steering optics will be seen as spurious interference phase shift, vibration isolation is necessary. Co-propagating beams in the optic fibre also minimized the potential phase shift of the Raman light. The fibre filtered Gaussian beam was collimated, its diameter (1/e 2 intensity contour) was about 1 cm, and it was divided into three parts as π/2-π-π/2 pulse pairs. An electrooptical modulator (EOM, New Focus 4002) was used as a phase modulator to change the relative phase of the final π/2 pulse, ϕ(t 3 ). The intensity ratio of Raman beam-pair R1:R2 can be optimized to minimize unwanted ac Stark shifts [37] .
We have observed Rabi oscillations when varying total Raman-pair intensity while keeping the intensity ratio constant (1:5.3). Raman beams were in co-propagating configuration, and the frequencies were detuned with Δ=1.5 GHz away from the resonances. The experimental result is shown by the dots in Fig. 9 , and the fitting result is illustrated by the solid line. The dots show clearly the dependence of population of the F=3 state on intensity of Raman beams, it is a gradually attenuated sine wave, and the maxima appear at 2.1 mW and 4.7 mW. At this stage, we can define the pulse width (π or π/2) experimentally. We then changed the optical phase of the final π/2 pulse gradually by adjusting the voltage applied to the EOM while recording the fluoresce intensity which is proportional to population of the F=3 state. A typical interference fringe is shown in Fig. 10 , the dots show the experimental data, and the solid line is the fitting. The half-wave voltage of the EOM is 125 V. There are two complete oscillation cycles from 0 to 500V. The relative maximum population is 11, and the minimum population is 5, which gives the fringe contrast of 37% [39] . We also demonstrated a Ramsey type atom interferometer using two π/2 pulses. The free evolving time between the two pulses was set to be 5.7ms, and the difference frequency of 3GHz to drive the Rabi oscillation was scanned from 3.035,729,200GHz to 3.035,735,200GHz. Fig.11 shows the Ramsey fringe according to the formula
where δ is the detuning of the resonant frequency. The full width at half maximum FWHM of the fringe is about 88Hz, and all the data was averaged 4 times. In conclusion, we have developed a compact transverse cold 85 Rb atom interferometer. A 1.5 GHz AOM was adopted to produce a pair of Raman lasers, and an EOM was used to change the optical phase of a π/2 pulse. We have successfully realized the cold atom preparation, pushing, optical pumping, Raman population transfer, and finally observed high contrast interference fringe. Following this development of the cold atom Sagnac-type interferometer, the measurement of rotation (atom gyroscope) is underway.
Bichromatic Electromagnetically Induced Transparency
Electromagnetically induced transparency (EIT) [40] [41] [42] [43] [44] is a quantum interference effect which has been widely studied. In a three-level lambda atomic medium, two lower states are coupled to one excited state by a coupling laser field and a probe laser field. The resonant probe laser beam can pass through the atomic medium without attenuation due to the quantum interference between the dressed states created by the coupling laser beam. It has been shown that EIT has applications in slow light propagation [45] [46] [47] , coherent nonlinear optics at low light levels [48] [49] [50] [51] and quantum information processing [52] [53] [54] [55] . In the three-level lambda configuration, when the coupling field is a bichromatic field there will appear a series of transparent windows for the weak probe field at multiple frequencies, which is called bichromatic electromagnetically induced transparency and has been experimental demonstrated by us [56] . In Fig. 12 (a) , the ground state |2> and the excited state |3> are coupled by two equalamplitude laser fields Ω c1 and Ω c2 with a frequency separation 2δ, a weak laser field Ω p probes the |1>-|3>transition. The dressed states are the superposition of the atomic states |2> and |3> created by the bichromatic field, as shown in Fig. 12 (b) , which consist of an infinite ladder with an equal-spacing separation δ between the neighboring levels when the average frequency of the bichromatic field matches the |2>-|3> transition frequency. Such dressed states and the fluorescence spectrum of the two-level atoms coupled by a bichromatic field have been extensively studied before [57] [58] [59] [60] . It is expected that the probe absorption spectrum will exhibit multiple peaks corresponding to the dressed transitions |1>-|m> and transparent windows with minimum absorption located near the middle separation of the dressed states. The probe dispersion exhibits a series of normal steep slopes at the absorption minimum, which leads to simultaneous slow group velocities for probe pulses at multiple frequencies separated by δ.
Here we present our new experimental results of bichromatic electromagnetically induced transparency in cold 85 Rb atoms. The 85 Rb energy-level structure and laser coupling scheme are shown in Fig. 13 (a) . A bichromatic coupling laser with frequency separation 40MHz drives the D1 5S 1/2 , F=2-5P 1/2 , F ' =3 transition, and a probe laser drives the transition D1 5S 1/2 , F=3-5P 1/2 , F ' =3. The trapping laser frequency was red-detuned by an amount ~-15MHz relative to the resonant frequency of the D2 5S 1/2 , F=3-5P 3/2 , F ' =4 transition and the repumping laser frequency was locked to the D2 5S 1/2 , F=2-5P 3/2 , F ' =3 transition. The trapping, repumping and probe lasers were tuned on and off by three separate acousto-optic modulators (AOMs). For every period of 200ms, the trapping and cooling time was about 198ms (the trapping and repumping lasers were on and the probe laser was off), and the ~2ms was used for data-collection (the trapping and repumping lasers were off and the probe laser was on). The bichromatic coupling field was always on. In this coupling system, during the trapping and cooling time, the bichromatic coupling field can function as another repumping field. The schematic diagram of the experimental setup is shown in Fig. 13 (b) . The bichromatic coupling field was composed of the diffracted zeroth-order and the first-order beams from a single laser beam passing through a 40MHz AOM. The two coupling beams counter-propagated through the MOT with an angle about ~1 0 and with the same linear polarization. The probe laser beam was linearly polarized perpendicular to the coupling lasers and counter-propagating along the path of one coupling laser beam. Fig. 14 (a) shows the probe transmission spectrum with the coupling Rabi frequency Ω c1 =Ω c2 =3Γ (Γ=6MHz is the natural linewidth of the 85 Rb D1 line) and under the symmetrical coupling condition of (ω c1 +ω c2 )/2 = ω 23 . The symmetrical absorption spectrum in Fig. 14 (a) exhibits five absorption peaks with the neighboring peak separation equal to 20MHz, the half frequency difference of the bichromatic coupling field. Increasing the coupling Rabi frequency to Ω c1 =Ω c2 =4.5Γ, more absorption peaks appear as shown in Fig. 14 (b) . These measured probe spectra agree well with the dressed states explanation.
In our experiments, we also observed four-wave mixing (FWM) signal as shown in Fig. 15 (b) . The FWM comes from the phase-matched interaction of the two coupling lasers and the probe laser. The phase matching condition is . With the counter-propagation of one coupling laser beam and the probe laser beam, the FWM signal must be in the backward direction of the other coupling laser beam. It's the backward-wave scheme as discussed in Ref. [51] , which reported four-wave mixing using EIT in four-level system of cold atoms. We have experimentally demonstrated the backward FWM in three-level system of cold atoms by bichromatic EIT. The detail of this work will be published in other journal. 
